We report metalorganic vapor-phase epitaxial growth and structural and photoluminescent characteristics of ZnO nanorods. The nanorods were grown on Al 2 O 3 (00•1) substrates at 400°C without employing any metal catalysts usually needed in other methods. Electron microscopy revealed that nanorods with uniform distributions in their diameters, lengths, and densities were grown vertically from the substrates. The mean diameter of the nanorods is as narrow as 25 nm. In addition, x-ray diffraction measurements clearly show that ZnO nanorods were grown epitaxially with homogeneous in-plane alignment as well as a c-axis orientation. More importantly, from photoluminescence spectra of the nanorods strong and narrow excitonic emission and extremely weak deep level emission were observed, indicating that the nanorods are of high optical quality. One-dimensional semiconductor nanowires and nanorods have attracted increasing interest due to their physical properties and diversity for potential electronic and photonic device applications.
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In addition to the control of impurities, heteroepitaxial growth and thickness control in the nanometer range are required for fabrication of sophisticated electronic and photonic devices. These are accomplished using advanced epitaxial growth techniques such as MOVPE and molecular beam epitaxy. 8, 9 MOVPE is of particular interest since it has many advantages such as the feasibility of large area growth as well as simple and accurate doping and thickness control. Although this technique has widely been used for epitaxial film growth, it has rarely been employed for the preparation of one-dimensional nanorods. 10 In this letter, we report MOVPE growth of ZnO nanorods, which requires no metal catalysts. The nanorod growth temperature was as low as 400°C. More importantly, nanorods grown in the course of this research are vertically well-aligned and exhibit uniform thickness and length distributions, which are very useful for many device applications. 2, 11 ZnO nanorods were grown on Al 2 O 3 (00•1) substrates using a low pressure MOVPE system. For ZnO nanorod growth, diethylzinc ͑DEZn͒ and oxygen were employed as the reactants and argon was used as a carrier gas. Oxygen and DEZn flow rates were in the range of 20-100 and 0.5-5 sccm at a DEZn bubbler temperature of Ϫ15-0°C, respectively. A typical growth temperature was in the range of 400-500°C. 12, 13 Prior to ZnO nanorod growth, very thin ZnO buffer layers were grown at a low temperature. In this growth, no metal catalyst is coated on the substrates.
The crystal structure of ZnO nanorods was investigated by x-ray diffraction ͑XRD͒ including -2 scan, -rocking curve, and azimuthal ͑͒ scan measurements. The -rocking curve and pole figure measurements were carried out for the ͑00•2͒ and ͑10•2͒ reflections of as-grown ZnO nanorods, respectively.
For optical characterization of the nanorods, photoluminescence ͑PL͒ spectroscopy was employed. The PL measurements were performed at room temperature with an optical resolution of 0.02-0.1 nm, and the 325 nm line of a continuous wave He-Cd laser was used as the excitation source. Details of the PL measurements have previously been reported. 14 Field emission scanning electron microscopy ͑FE-SEM͒ clearly revealed the general morphology of the ZnO nanorods. As shown in Figs. 1͑a͒ and 1͑b͒ , the images of ZnO nanorods grown for 1 h exhibited mean diameters and lengths of ϳ25 and 800 nm, respectively. The diameter of nanorods obtained by MOVPE is somewhat smaller than the typical diameters of 50-100 nm for those prepared by other deposition methods. 2, 15, 16 Furthermore, the ZnO nanorods are well aligned vertically, showing uniformity in their diameters, lengths, and densities.
As shown in Fig. 1͑c͒ , hexagon-shaped pyramids were observed at the ends of MOVPE-grown ZnO nanorods. This observation suggests that the nanorods were grown by a noncatalysis growth mechanism. In the nanorod growth process using the catalysis-assisted VLS mechanism, nanosized a͒ Author to whom correspondence should be addressed; electronic mail: gcyi@postech.ac.kr APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 22 3 JUNE 2002 metal clusters have a critical role as a catalyst in forming liquid droplets that adsorb the gas-phase reactants where nanorod growth occurs. Hence, metallic nanoparticles are commonly observed at the end of nanorods grown by the catalysis-assisted VLS method. [3] [4] [5] 10, 16 For MOVPE-grown nanorods, however, flat terraces and steps on the hexagonshaped ends are clearly shown in Fig. 1͑c͒ , which results from the layer-by-layer growth mode on the top layers of the nanorods. This is consistent with the previous report on similar hexagon-shape pyramids of microcrystalline grains in ZnO epilayers. 17 In addition, the ZnO nanorod tips were examined using energy dispersive x-ray ͑EDX͒ spectroscopy in the FE-SEM chamber, which confirmed that there was no metal clusters present. It is also noted that no impurity in the nanorods was observed within the detection limit of the EDX spectroscopy. These results exclude the possibility that the nanorods were grown by the catalysis-assisted growth mechanism.
The crystal structure and orientation of the as-grown nanorods were investigated measuring XRD. From the XRD -2 scan data of the ZnO nanorods ͓Fig. 2͑a͔͒ only two ZnO͑00•2͒ and ͑00•4͒ peaks were observed at 34.32°and 72.59°, respectively. The observation of only (00•l) peaks indicates that nanorods were grown with a c-axis orientation. However, many ZnO nanorods prepared by other methods have been polycrystalline or grown with random orientations. 15, 16, 18 Meanwhile, XRD -rocking curve measurements were also performed to investigate the degree of alignment to the normal direction of the surface. Figure 2͑b͒ shows the rocking curve data of the sample shown in Fig.  1͑a͒ , indicating a full width at half maximum ͑FWHM͒ value of 0.6°. Typically, ZnO nanorods grown on Al 2 O 3 (00•1) substrates show a narrow FWHM in the range of 0.1°-1°, depending on the growth conditions. The narrow FWHM in the XRD rocking curves imply that the c axes of nanorods are well oriented along the normal direction of the substrate surface. Furthermore, Fig. 2͑c͒ shows a six-fold rotational symmetry in the azimuthal scan. These results clearly indicate that the ZnO nanorods were epitaxially grown with homogeneous in-plane alignment as well as c-axis orientation. The in-plane alignment of nanorods is confirmed from the orientation of the facets in the FE-SEM image ͓Fig. 1͑a͔͒. Figure 3 shows the FE-SEM images of ZnO nanorods at early stages of the nanorod growth. The nanorods exhibited the mean diameters of 13 and 16 nm after growth for 6 and 10 min, respectively. After further growth for 1 h, however, the nanorods exhibited only a little increase in the diameter but significant increase in the length. This result strongly suggests that the nanorods are grown on ZnO nuclei and the nanorod formation results from the higher growth rate along the c-axis direction. However, it is noted that the spacing of the nanorods becomes larger with increasing growth time, which might result from a ''crowding effect'' of closely spaced that strongly favors upward growth.
As for the mechanism of the nanorod growth, nucleation at the initial stage might have a crucial role in both the vertical and in-plane alignments of the nanorods. Since the metal catalyst is not used for the nanorod growth in this research, the nucleation can occur at any sites on the substrate. During the formation of nuclei, ZnO nuclei are grown with an epitaxial relationship with Al 2 O 3 (00•1) since ZnO and Al 2 O 3 are lattice matched. 12 This argument is strongly supported by the fact that FWHM values in XRD rocking curves of the nanorods were decreased by the use of low temperature ZnO buffer layer, presumably due to enhanced epitaxy of ZnO nuclei.
The optical properties of the ZnO nanorods were investigated by PL spectroscopy. From room temperature PL spectrum of ZnO nanorods in Fig. 4 , the dominant peak was observed at 3.29 eV, which is attributed to the free exciton peak. [12] [13] [14] The FWHM of the free exciton peak was as narrow as 90 meV. This result indicates that a PL peak shift due to the quantum confinement effect is not observed in these ZnO nanorods, presumably due to the large diameters of nanorods exceeding 20 nm. Meanwhile, the deep level green emission associated with point defects commonly observed in ZnO epilayers was found to be extremely weak compared with the near band edge emission. The weak deep level emission might be related to the low impurity concentration determined by EDX spectroscopy. The strong and sharp excitonic emission and low deep level emission indicate that the ZnO nanorods are of excellent optical quality, comparable to the ZnO epilayers.
In conclusion, MOVPE demonstrated the epitaxial growth of vertically aligned ZnO nanorods at a low temperature of 400°C. In this process, no metal catalyst was used. The FE-SEM images showed uniform thickness and length distributions. Furthermore, the nanorods are of high crystallinity and excellent optical quality. XRD measurements exhibited both in-plane aligned and c-axis oriented growth of nanorods. From the PL spectra measured at room temperature, a narrow and strong emission peak was observed at 3.29 eV with a very weak deep level emission. 4 . PL spectrum of ZnO nanorods measured at room temperature. A dominant free exciton peak at room temperature was observed at 3.29 eV, indicating no peak shift due to the quantum confinement. Deep level emission is also shown to be extremely weak even at room temperature.
